Abstract. In order to study the flow-induced vibration of the spillway tunnel working gate of one reservoir, hydraulic model test with scale 1:20 was conducted to obtain the dynamic pressure characteristics on the working gate. Experiment modal analysis method was employed to identify the structure dynamic characteristics through the 1:10 working gate mode test. The 3D FEM model of the gate was built to simulate the vibration response of the structure. The research showed the low order modal frequencies of the working gate were not fully breaking away from the high energy zone of the dynamic water, which would induce severe vibration. The vibration response of the gate became the biggest when it was operating at 0.5 partial opening.
Introduction
It is well known that the problem of structure vibration is closely related to the external loads and itself characteristics. Therefore, it should starts from the hydraulic characteristics of the flow passing by the gate and the self-vibration characteristics of the structure to study the problem. Resonance vibration should be conducted to provide the reference for the structure dynamic design through comparing the structure self-vibration frequency with the flow fluctuating frequency [1, 2] . Then, hydro-elastic model test or numerical simulation will be employed to predict the flowinduced vibration response of the gate to insure the structure vibration safety. For working gate of one reservoir tunnel spillway, the fluctuating pressure characteristics of the flow was studied through hydraulic model test, the self-vibration characteristics of the structure was obtained by mode experiment, and dynamic time-history simulation method was taken to calculate the flowinduced vibration response based on the model test.
Hydraulic Model Test
One reservoir was located in Yanji city of Jilin province north of China. The main structure of the reservoir included earth dam, tunnel spillway under the dam, hydropower station and so on. The tunnel spillway, located in the right of the dam, the discharge flow when the reservoir was at design and check flood level is 600m 3 /s and 1600m 3 /s respectively. Every sluice hole of the tunnel spillway was 3.5m in width and 4.5m in height. The tunnel spillway was controlled by radial steel gates.
Hydrodynamic pressure forced on the gate contained time average pressure and fluctuating pressure, and the vibration of the gate was mainly induced by the fluctuating pressure. Hydraulic model test of the tunnel spillway with scale 1:20 was conducted to obtain the hydrodynamic pressure characteristics on the working gate, such as the amplitude feature in time domain, energy distribution feature in frequency domain and so on. Hydraulic model was designed by the gravity similitude law and made by plexiglass. Piezoresistive pressure sensor was taken to measure the fluctuating pressure. The voltage signal was collected and stored by signal acquisition system after amplified and filtered by dynamic resistance strain instrument.
The test condition included four characteristic water levels and six relative openings of the gate, that is, check flood level, design flood level, normal water level and limit water level, 0.2, 0.3, 0.4, 0.5, 0.6 and 0.8 opening. Fluctuating pressure was obtained at every condition through model test. Taking one typical measuring point near the gate hemline for example, fluctuating pressure amplitude of the point at every condition were illustrated in figure 1, from which it could be found that pressure pulsation amplitude on the gate was increasing with the increase of the opening of the gate and the water level of the reservoir. Figure 2 showed the time-history and its power spectrum density of fluctuating pressure of one typical point. It could be found that the main energy of pressure pulsation concentrated under 10Hz and the main frequency was about 0~3Hz. power spectrum density at a typical point
Mode Experiment
The structure design of the reservoir service radial gate was shown in figure 3 . The dynamic characteristic model was designed by elasticity similitude law, and the model was made by plexiglass with the geometric scale Lr=10. According to the structure feature, the gate was dispersed into 132 nodes, and every node included three directions, the flow direction, side direction and vertical direction. Therefore, the model contained 396 freedom degrees, just as figure  4 showed. The method that all nodes were excited one by one and the responses of one node were collected was employed in the experiment, that is, arbitrary forces were used to excite every node, meanwhile the exciting force and the vibration signal of the three directions were record, amplified by charge amplifier, filtered, then delivered to the computer. The time domain complex exponential fitting method was adopted to solve the transfer function, and then the mode frequency, damping and mode shape were obtained. Exciting hammer was used to excite the gate, and the exciting force was measured by force sensor in the head of the hammer. The vibration responses were measured by the three-direction micro acceleration sensor.
The self-vibration frequencies and damping ratios of the first five orders were shown in table 1, from which it could be found that the fundamental frequency was very low, the frequency and damping ratio of the first step were 3.64Hz and 7.02% respectively. From the first fourth order mode shapes shown in figure 5, it could be found that the vibration of the first order indicated the whole structure vibration in the side direction, the second order showed the arm vibration in the side direction, the third order showed the whole gate vibration in the side direction, the fourth order showed the arm bending vibration in the radial direction. Fig. 3 The structure design of the radial gate. Fig. 4 Node discretization. The first order mode frequency of the gate in the air was 3.64Hz which was not fully breaking away from the high energy zone of the dynamic water 0~10Hz. As a result, severe flow-induced vibration might occur for the gate [3, 4] .
Flow-Induced Vibration Response Simulation
The finite element model of the working gate was established. The x direction was parallel with the flow, the y direction was perpendicular to the flow, the z direction was vertical. Because of the sheet structure of the gate panel, cross beam, longitudinal beam, supporting arm, joint system and so on, the space plate element with six freedom degrees was employed to discrete the whole radial gate model. The FEM mesh was shown in figure 6. Constraint condition: line displacement constraint in x, y, z directions on the support pivots, spherical hinge constraint on the hanger. The steel was regarded as linear elastic material and the main parameters: density 7.8×10 3 kg/m 3 , the Young's modulus 2.06×10 11 Pa and Poisson ratio 0.3. In the design flood level condition, the extreme values of the vibration response of the gate at different opening were listed in table 2.
It could be found that vibration displacement, velocity and acceleration in the flow direction were all biggest than those in other directions and those were smallest in the vertical direction of the flow. The vibration extreme values were located in the bottom of the gate, such as panel, small cross beam near the gate hemline. The acceleration time-history curve and its spectrum curve after FFT of one point on the gate at 0.6 opening and design flood level were illustrated in figure 7. The acceleration spectrum curve indicated that the vibration energy was concentrated in 10Hz and the main frequency was in 0~3Hz, which was consistent with the fluctuating frequency of the flow. Applied Mechanics and Materials Vols. 226-228 15 Fig. 6 The FEM model. Fig. 7 Time history response and spectrum curves of the gate with 0.6 opening at the design water level.
The vibration response in the location of the gate beam grillage system centroid was taken to study the response variation with the gate opening. The displacement and acceleration in the flow direction in the centroid at different relative opening were plotted in figure 8. It can be found that vibration response of the gate was increasing with the increase of the opening and became biggest at 0.5 opening and then decreases slightly. 
Conclusions
Some conclusions were obtained as follows through the flow-induced vibration research on one reservoir tunnel spillway service gate.
(1)Pressure pulsation amplitude of the gate was increasing with the increase of the opening of the gate and the water level of the reservoir. The main energy of pressure pulsation concentrated under 10Hz and the main frequency was about 0~3Hz.
(2)The first order mode frequency of the gate in the air was 3.64Hz, which was not fully breaking away from the high energy zone of the dynamic water.
(3)The vibration response of the gate became the biggest when it was operating at 0.5 partial opening. So the gate should avoid long-time operation at this opening.
